Herein the role of a mononuclear cobalt(III) complex, [Co III (DPKOH) 2 ]ClO 4 (DPK = di(2-pyridyl)ketone), in the water electrooxidation process is investigated with scanning electron microscopy, energy dispersive spectrometry, X-ray diffraction studies, NMR, chronoamperometry, cyclic voltammetry, extended X-ray absorption fine structure and X-ray absorption near edge structure determination. Our experiments show that, in comparison to the reported literature, other cobalt-containing structures on the surface of the FTO electrode could also be the true catalyst for water oxidation.
Introduction
Large-scale hydrogen production by water splitting is a very promising approach to store energy from intermittent and fluctuating sources. 1 In this process, water oxidation is the source of cheap electrons, but is also an energetic bottleneck for water splitting. [2] [3] [4] Many Mn, Fe, Co, Ni and Cu compounds are reported as water-oxidizing catalysts under different conditions. [5] [6] [7] [8] [9] Among different complexes, mononuclear complexes are low-cost, easy to synthesize with controllable redox properties and simple to incorporate in devices. [10] [11] [12] Cobalt salts as efficient water-oxidizing catalysts have been known since the 1980s. 13 In 2008 Nocera's group introduced a cobalt-based catalyst with significant water-oxidizing activity under neutral conditions ( pH ∼7), with a low overpotential. 14 In 2011 Berlinguette's group reported on a cobalt(II) complex with a 2,6-(bis(bis-2-pyridyl)methoxy-methane)-pyridine ligand. 12 The group proposed a molecular mechanism for water oxidation. 12 Cobalt(III) corrole complexes as water-oxidizing catalysts were reported by Nocera's group and others. 15, 16 Co(II) or Co(III) complexes with porphyrin ligands, [17] [18] [19] 2,2′:6′,2″:6″,2′′′-quaterpyridine, 20 2,2′-(1H-pyrazole-3,5-diyl)dipyridine and other ligands were also published. 21, 22 A study on the decomposition of cobalt complexes to cobalt oxide nanoparticles during the catalytic water oxidation was reported by Fukuzumi's group. 22a Ding and Ma's group in 2014 reported on a cobalt(II) salen((N,N′-bis(salicylidene)ethylenediamine) complex for photochemical water oxidation. 22b The group proved using dynamic light scattering and scanning electron microscopy that the complex is a precursor for an in situ generated catalytically active cobalt oxide. 22b In 2015 Zhao et al. reported on a mononuclear Co(III) complex (1), [Co III (DPKOH) 2 ]Cl (DPK = di(2-pyridyl)ketone), as an efficient and stable catalyst for water oxidation. 23 The cyclic voltammograms (CVs) of 1 in borate buffer (80.0 mM, pH 9.0) indicated the presence of the anodic current increasing at a low potential (0.90 V vs. Ag|AgCl|KCl sat ) and reaching approximately 140 μA at 1.20 V.
Herein we studied the electrochemical water oxidation catalyzed by 1 to investigate the role of Co(aq) 2/3+ ions in cobalt oxide or other cobalt-based compounds as the true catalysts for the reaction. studies, as well as electrospray ionization mass spectrometry (ESI-MS) ( Fig. S1 , ESI †). 23 We synthesized the complex with perchlorate as the anion, rather than the chloride ion, because chloride oxidation could occur under water oxidation conditions. Liu et al. previously determined the same crystal structure at 150(2) K. 24 The crystal structure comprises complex cations, perchlorate anions and water molecules of solvation. In the complex, a Co(III) center is chelated by two protonated di(2-pyridyl)ketone ligands ( Fig. 1 and S2 , ESI †). Each ligand coordinates tridentately through two pyridyl N atoms and one O atom (see Tables S1-S3 † for details). The second O atom is protonated and pointing out of the distorted octahedral coordination sphere of the central metal ion.
The complex cations form columns along the a direction ( Fig. S2 †) . In between the columns disordered perchlorate anions and water molecules participating in O-H⋯O hydrogen bonds (Table S3 , ESI †) are located.
The details of the molecular mechanism of water oxidation catalyzed by the complex were not studied. It is expected that the mechanism is complicated as the coordination of water molecule to the metal ion should occur as well. On the other hand, the four C-O groups in the ligand may cause instability of the complex under the water-oxidation conditions due to the high potential for water oxidation.
The glassy carbon electrode is not very stable under the water-oxidation conditions and thus the identification of the true catalyst on the surface of this electrode is not easy. 25 Thus, we investigated the electrochemical properties of 1 using fluorine-doped tin oxide (FTO) and Pt foil as the working and auxiliary electrodes, respectively. A cobalt salt, Co(ClO 4 ) 2 ·6H 2 O, was also investigated with a significantly lower concentration of 1, but under similar conditions. The cyclic voltammograms (CVs) of 1 (0.43 mM) in sodium borate buffer solutions ( pH 9.0, 80 mM) exhibited a pronounced catalytic activity, which was not observed in the CV for buffer-only solutions ( Fig. 2a ). The onset of water oxidation is at ∼1.0 V vs. Ag|AgCl|KCl sat (over potential 510 mV). Thus, as also reported by Zhao et al., 1 is catalytically active toward water oxidation. 23 However, Co(ClO 4 ) 2 ·6H 2 O, with a significantly lower concentration of 1, showed the same catalytic activity for water oxidation. In 500 successive CVs for 1 a continuous increase in catalytic current was observed ( Fig. 2b) . Such an effect can be observed with the use of a glassy carbon electrode ( Fig. 2c ).
After the bulk electrolysis of 1 for 5.0 hours at ∼1.20 V (vs. Ag|AgCl|KCl sat , over potential of 710 mV) using an FTO electrode, we investigated this FTO electrode further. This FTO electrode (FTO-A) showed a better catalytic activity than a fresh FTO electrode or even an FTO electrode in the presence of 1 (Fig. 2d ). Under bulk electrolysis, a fresh FTO electrode under the same conditions showed no catalytic activity in the absence of 1.
Amperometry for 1 also indicated that FTO-A is more active than fresh FTO in the presence of 1 ( Fig. 2e ). On the other hand, fresh FTO in the presence of 1 showed an increase in the water oxidation process rate.
Washing the FTO-A electrode with EDTA significantly decreased the catalytic activity of FTO-A toward water oxidation (Fig. 2f ). Thus, we propose a hypothesis that the true catalyst slowly forms on the surface of FTO. In other words, nanosized SnO 2 from the FTO electrode, similarly to many metal oxides, adsorbs metal ions or complexes. In the next step and under oxidation conditions the absorbed ions or complexes are converted to the true heterogeneous catalyst. Importantly, an FTO electrode under long-time amperometry (1.20 V for 5.0 hours) in the presence of 1 showed a super-capacitor activity, which indicates that redox active species are placed on the surface of the electrode (Fig. 2g) .
To find the true catalyst, we used several methods. The SEM images of FTO-A similar to fresh FTO (Fig. S3 , ESI †) showed nanosized particles of SnO 2 (ca. 50-150 nm) from FTO, but no new particles containing cobalt were observed (Fig. 3a, b and S4, ESI †). The EDX mapping data for FTO-A showed that the electrode contains O and Sn (Fig. 3c, d and S5, ESI †). Although small amounts of cobalt could be observed on the surface of FTO-A, these amounts were near to the detection limit of the device. XRD studies led to the detection of only the SnO 2 phase. 1 H NMR spectra showed no significant changes in the solution after conducting amperometry ( Fig. 3e and S6, ESI †). UV-Vis spectra after two hours of amperometry showed a very low decrease in absorption bands (Fig. 3f ). However, low amounts of Co ions on the FTO electrode are enough to observe such high catalytic activity toward water oxidation. Thus, even negligible changes in UV-Vis and 1 H NMR spectra could show a small conversion of 1 and even 1-2% of free Co 2+ ions from the dissociated or decomposed complex could give rise to a catalytic activity that could be erroneously attributed to the activity of 1.
Cobalt ions or oxides are efficient catalysts toward water oxidation. 14 Experiments showed that even very low amounts of a cobalt salt on the surface of FTO significantly increase the rate of water oxidation on FTO. An experiment showed that a fresh FTO electrode in the presence of the solution containing Co 2+ ions (1.36 μM) is an efficient catalyst for water oxidation (Fig. 4) .
As discussed, small changes in UV-Vis and 1 H NMR spectra could show a small conversion of 1, but it is important to note that the changes in UV-visible spectra are not necessarily attributed to the decomposition of the complex because under our experimental conditions 1 may cover the FTO electrode or the cell.
In the next step, XAS measurements at the cobalt K-edge were performed for 1 (in powder form), FTO-A, and a sample of 1 prepared by placing a fresh FTO electrode in a saturated solution of 1, stored for 5.0 hours in the absence of potential (1 on FTO) . The X-ray absorption near-edge spectra (XANES, Fig. 5a ) of the three samples were very similar, with FTO-A and 1 on FTO samples practically indistinguishable and 1 only slightly different. The Co oxidation states in the samples, determined from the positions of the Co K-edges 26 (Fig. 5a ) correspond to Co 3+ , as expected. Only a slightly higher edge position for 1 on FTO and FTO-A, compared to the original material, was observed, corresponding to an increase in the average Co oxidation state of no more than 0.1 units.
The Fourier transform of the extended X-ray absorption fine structure (EXAFS) spectra for the three samples showed one main peak at a short distance, plus several very small peaks at longer distances (Fig. 5b) . The experimental EXAFS-spectrum of 1 in powder form can be readily reproduced by a simulation that directly uses the precise interatomic distances from its molecular structure. The main peak can be simulated by a Co-O shell at 1.87 Å and a Co-N shell at 1.94 Å for all three samples ( Fig. 5b and Table 1 ). A Co-C shell and a second Co-O shell account for the carbon surroundings of the Co absorber and for the OH groups in the structure, respectively. The spectra of 1 on FTO and FTO-A are again indistinguishable from each other within the noise level, and the spectrum of 1 in powder form is only slightly different. The main difference in the EXAFS between 1 on FTO and 1 on FTO-A is the appearance of a peak that can be simulated with a Co-Co shell at 3.28 Å. This could indicate the formation of a small fraction of Co oxide resulting from the decomposition of 1 or the formation of dimers of 1 or its decomposition products. This Fig. S7 . † The fit parameters are given in Table 1 . Table 1 Parameters obtained by simulation of the k 3 -weighted EXAFS spectra. The simulated spectra correspond to the Fourier-transformed EXAFS spectra shown in Fig. 5b . For the simulation of 1 (in powder form), the coordination numbers were fixed to the values expected from the molecular structure; the Debye-Waller parameters (σ) for Co-O/N and Co-C shells and the ΔE 0 parameter were determined from the fit at 0.02 Å, 0.14 Å and 3.9 eV, respectively. These values, as well as the distances for the Co-C and long Co-O shells, were used in the fit of the other two samples in order to determine the coordination numbers. The Debye-Waller parameter for the Co-Co shell was fixed at 0.059 Å. The sum of the coordination numbers of the short Co-O and Co-N distances was fixed at 6. The amplitude reduction factor, S 0 2 , was 0.75
Sample
Co Co-Co distance, however, is not typical of the layered Co oxides formed by anodic electrodeposition 27 (Co-Co distance around 2.8 Å). The coordination numbers of the Co-N and Co-C shells also decrease, supporting the conclusion that the original complex 1 is partially decomposed in the investigated samples. The comparison of the XAS spectra for the three samples indicates only a very minor change. After the operation at 1.20 V vs. Ag|AgCl|KCl sat for 5.0 hours ( Fig. 5 and Table 1 ), no changes compared to 1 on FTO were observed in the X-ray absorption spectra. This suggests that 1 is relatively stable on the electrode during our experiment and that the changes responsible for the activation of 1 happen either already in the absence of the applied oxidizing potential, upon simply immersing the FTO electrode in a solution of 1, or these changes are too small to be observed with the XAS method.
Conclusions
In conclusion, the role of the mononuclear cobalt complex (1), [Co III (DPKOH) 2 ]ClO 4 (DPK = di(2-pyridyl)ketone), in water oxidation was studied with different methods. The 500 successive CVs for 1 showed a continuous increase in catalytic current, which is related to the slow formation of a water-oxidizing catalyst. After the bulk electrolysis of 1, the used FTO electrode showed better activity than a fresh FTO electrode or even an FTO electrode in the presence of 1.
Finally, a bare FTO electrode in the presence of 1 showed an increase in the water oxidation rate, which is another argument for the slow formation of a water-oxidizing catalyst. Washing the used electrode with EDTA significantly decreased the observed catalytic activity toward water oxidation. This result indicates that the catalyst may be on the surface of the electrode. Although small amounts of cobalt element could be detected on the surface of the used electrode with SEM-EDX, these amounts were near to the detection limit of the device. XRD indicated only the presence of the SnO 2 phase. 1 H NMR and UV-Vis spectra showed no significant changes in the investigated solutions after amperometry. However, 1-2% of free Co(II) from the dissociated or decomposed complex can give rise to a catalytic activity that can be erroneously attributed to the activity of 1. EXAFS of the used electrode could indicate the formation of a small fraction of Co oxide resulting from decomposition of the complex, formation of dimers of the complex or its decomposition products. The coordination numbers of the Co-N and Co-C shells also decrease, supporting the conclusion that the original complex is partially decomposed on the used FTO electrode. All these experiments showed that cobalt-based compounds other than 1, formed on the surface of the FTO electrode, could also be the true catalysts for water oxidation. Such conversions on the surface of the electrode for many homogeneous complexes should be carefully checked with different methods because the low amounts of the formed true catalyst are usually below the detection limit of the widely available devices.
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